Introduction
============

Nowadays, prostate cancer (PCa) is the most common neoplasia in males in Western countries (43%) representing the fourth leading cause of cancer-related deaths in men and its incidence steadily increases worldwide.^[@bib1],[@bib2]^ Generally, for localized PCa, patients undertake ablative surgery and/or radiotherapy.^[@bib3]^ For recurrent malignancy, the androgen deprivation therapy, based on the association of multidrugs reducing male hormones, or the antiandrogen monotherapy are the first-line treatments based on the driving role of the androgen receptor (AR) in the onset and progression of this pathology which is often hormone dependent.^[@bib4]^ Several approaches have been applied mainly based on decreasing testosterone levels or via AR antagonists to suppress AR signaling pathway. Since 1989, flutamide (FLU) is considered the gold standard nonsteroidal antiandrogen therapy able to antagonise androgen binding to its receptor and its shuttling into the nucleus, thus destroying overall the AR signaling pathway.^[@bib5],[@bib6]^ However, FLU is responsible for several side effects provoking discontinuation of treatment for excessive toxicity. Hence, new molecules with similar antiandrogen activities have been developed such as bicalutamide, nilutamide, and more recently enzalutamide, nevertheless, their toxicological profile is very similar to FLU.^[@bib6]^ Moreover, despite the undeniable effectiveness and benefits derived from androgen deprivation therapy or antiandrogen monotherapy, most of the patients relapse after few years of antihormonal treatment, and the disease progresses into a castration-resistant form.^[@bib7]^ Therefore, there is an urgent need for new strategies based on novel targets or innovative combination therapies.

With the purpose of developing new pharmacological approaches for the treatment of PCa, the fusion oncogene *TMPRSS2-ERG*, described by Tomlins *et al*.^[@bib8]^ in 2005, seems to be a relevant candidate for more specific therapy, such as small interfering RNA (siRNA). *TMPRSS2-ERG* fusion oncogene is not only detected in 50% of PCa biopsies but also in metastasis supporting the relevance of the oncogene in tumor development and progression.^[@bib9],[@bib10]^ *TMPRSS2-ERG* is the consequence of translocation or interstitial deletion in chromosome 21q22 that fuses the 5′-untranslated region of *TMPRSS2*, carrying androgen-responsive elements, with the encoding region of the oncogenic *ETS* transcription factor, *ERG*. As a result, *TMPRSS2* drives *ERG* overexpression in response to androgens. Thus, antiandrogen therapy contributes to *ERG* downregulation in patients carrying *TMPRSS2-ERG* by decreasing androgen levels. In contrast, when the same patients evolve into a castration-resistant disease, fusion oncogene *TMPRSS2-ERG* overcomes AR regulation thus contributing to tumor progression.^[@bib11]^

Recently, we conceived siRNA to knockdown TMPRSS2-ERG expression but those short fragments of nucleic acids were rapidly metabolized into the blood stream and had poor intracellular diffusion.^[@bib12],[@bib13]^ Therefore, the "squalenoylation" approach has been used. It is based on the covalent binding of the squalene (SQ), a natural and biocompatible lipid, to siRNA in order to protect siRNA TMPRSS2-ERG from rapid degradation.^[@bib14]^ We showed that the resulting bioconjugate was able to self-assemble as nanoparticles (NPs) and inhibit PCa growth in mice bearing VCaP xenografted tumors. Moreover, the tumor growth inhibition was tightly correlated with a decrease in the oncoprotein expression and with a partially restored differentiation.^[@bib15]^

Now, with the aim to elucidate if combining *TMPRSS2-ERG* suppression with impairment of AR signaling might have positive outcomes, or if the knockdown of fusion oncogene may represent an alternative strategy to hormone therapy, we combined siRNA TMPRSS2-ERG with FLU. We postulated that, in case of a synergistic enhancement of drug efficacy, FLU doses could be decreased substantially, thus allowing to hinder side effects. Similarly to other studies investigating associations between small molecules and oligonucleotides, FLU was used in this study at the concentration able to inhibit only 25% (IC~25~) of PCa cell growth.^[@bib16],[@bib17]^

In parallel with the understanding of the possible benefits obtained from the combination of FLU with siRNA TMPRSS2-ERG, we also monitored in xenografted PCa, the transcriptional modifications of the main drug-metabolizing enzyme systems (MDMES) by each molecule alone or by the combination. The studied MDMES are phase 1 and 2 enzymes involved in drug functionalization and conjugation, respectively. FLU has been described to be metabolized mainly by cytochromes P450 (CYP) 1A2 and to a lesser extent by CYP 3A4 (refs. [@bib6],[@bib18]). In contrast, very little is known in literature about the modifications of CYP and phase 2 MDMES such as glutathione S-transferases (GST), uridine-5′-diphosphate glucuronosyltransferases (UGT), N-acetyltransferase (NAT), and sulfotransferase (ST) induced by the siRNAs and/or their vehicles when combined with other drugs. Therefore, transcriptional changes of MDMES should be more deeply investigated since there might be a tight correlation between these variations and the efficacy and/or toxicity of siRNA combinations with other drugs.

In this report, we confirm the therapeutic interest of nanomedecine based on siRNA TMPRSS2-ERG as an alternative to FLU.

Results
=======

Optimization of androgens and antiandrogens on TMPRSS2-ERG gene expression and on VCaP cells viability
------------------------------------------------------------------------------------------------------

VCaP cell line was used in this study since it is described to be (i) hormone-dependent, (ii) tumorigenic in immunodeficient mice, and (iii) harboring *TMPRSS2-ERG* fusion oncogene which is regulated by androgens.^[@bib19]^

First, we explored the physiological concentration of dihydrotestosterone (DHT) able to stimulate mRNA levels of TMPRSS2-ERG and TMPRSS2 wild type by designing two primers, one covering TMPRSS2-ERG and the other outside the junction sequence. According to the literature, it should be approximately close to 10 nmol/l and the optimal incubation time of 24 hours.^[@bib11],[@bib20],[@bib21]^ Therefore, VCaP cells were stimulated with 5, 10, and 50 nmol/l DHT, and the relative mRNA level of TMPRSS2-ERG was assessed. As shown in **[Figure 1a](#fig1){ref-type="fig"}**, a statistical increase of about 10-fold in TMPRSS2-ERG expression was observed in cells treated with 10 and 50 nmol/l of DHT. When the TMPRSS2 gene was investigated by using a specific primer amplifying the region not involved in the fusion, a more pronounced increase in mRNA levels of about 25-folds was observed when compared to untreated cells (**[Figure 1b](#fig1){ref-type="fig"}**). In both a and b panels, the maximal induction was obtained when VCaP cells were stimulated with 10 nmol/l of DHT. Beyond that, a plateau was reached when the concentration was further increased (50 nmol/l) (**[Figure 1a](#fig1){ref-type="fig"}**,**[b](#fig1){ref-type="fig"}**). Therefore, according to these data and previously published observations,^[@bib11]^ kinetics studies were performed at stimulating VCaP cells with 10 nmol/l of DHT.

At this optimal concentration, kinetics studies showed a statistical decrease for both mRNA levels (TMPRSS2-ERG and TMPRSS2) when cells were incubated for more than 24 hours (48 and 72 hours) (**[Figures 1c](#fig1){ref-type="fig"}**,**[d](#fig1){ref-type="fig"}**). These results are also in accordance with previously published studies showing that the optimal DHT stimulation is found at 24 hours.^[@bib11],[@bib20],[@bib21]^

Then, we studied the effect of FLU by MTT test and found that cell viability was affected in a dose-dependent manner (**[Figure 1e](#fig1){ref-type="fig"}**). The calculated IC~50~ and IC~25~ of FLU were 121 ± 3 and 64 ± 11 µmol/l, respectively, and the latter was used in further studies to investigate the association between FLU and siRNA TMPRSS2-ERG. Thus, kinetic studies were performed to investigate TMPRSS2-ERG gene expression in presence of 70 µmol/l FLU. **[Figure 1f](#fig1){ref-type="fig"}** depicted a drastic reduction in TMPRSS2-ERG mRNA expression when VCaP cells were treated with the antiandrogen only for 48 hours that slightly increased later or reached a plateau at 72 hours. Therefore, for further studies, DHT was applied at 10 nmol/l, 24 hours before treatment with: (i) FLU (70 µmol/l for at least 48 hours) or (ii) siRNA TMPRSS2-ERG (50 nmol/l for at least 48 hours) as previously described,^[@bib15]^ or the combined treatments of FLU (70 µmol/l) plus siRNA TMPRSS2-ERG (50 nmol/l) for 48 hours.

Combination of siRNA TMPRSS2-ERG and FLU inhibits fusion oncogene and oncoprotein as much as the siRNA TMPRSS2-ERG alone
------------------------------------------------------------------------------------------------------------------------

To understand which administration schedule would be the most appropriate to extensively inhibit the TMPRSS2-ERG fusion products, several combinations of siRNA TMPRSS2-ERG with FLU were tested (**[Figure 2](#fig2){ref-type="fig"}**). As previously shown in **[Figure 1f](#fig1){ref-type="fig"}**, shorter incubations (24 hours) are not sufficient to observe any inhibitory activity of FLU on the fusion products, hence longer incubations were tested. The cells were transfected with siRNA TMPRSS2-ERG: (i) before treatment with FLU (**[Figure 2a](#fig2){ref-type="fig"}**), (ii) 24 hours after the FLU was added (**[Figure 2b](#fig2){ref-type="fig"}**), or (iii) concomitantly with FLU (**[Figure 2c](#fig2){ref-type="fig"}**). As previously observed,^[@bib15]^ siRNA TMPRSS2-ERG alone statistically decreased oncogene and oncoprotein expression of about 60--80% if cells were transfected before (**[Figure 2a](#fig2){ref-type="fig"}**, bar 4), after (**[Figure 2b](#fig2){ref-type="fig"}**, bar 4), or concomitantly with FLU administration (**[Figure 2c](#fig2){ref-type="fig"}**, bar 4). The siRNA control slightly increased, however not significantly, the TMPRSS2-ERG mRNA level that was not reflected on the protein content (**[Figure 2a](#fig2){ref-type="fig"}**--**[c](#fig2){ref-type="fig"}**, bar 2). Except for condition a, FLU alone (**[Figure 2b](#fig2){ref-type="fig"}**,**[c](#fig2){ref-type="fig"}**, bar 6) or combined with the siRNA control (**[Figure 2a](#fig2){ref-type="fig"}**--**[c](#fig2){ref-type="fig"}**, bar 3) was also able to decrease TMPRSS2-ERG expression, however, to a lower extent than the siRNA TMPRSS2-ERG alone. Concerning administration schedule a, the combination of siRNA TMPRSS2-ERG to FLU showed the highest decrease in TMPRSS2-ERG mRNA expression but is not reflected on protein content since ERG translation is already strikingly suppressed by siRNA TMPRSS2-ERG or FLU alone (**[Figure 2a](#fig2){ref-type="fig"}**). For the b and c tested administration schedules, when the siRNA TMPRSS2-ERG was combined to FLU, the mRNA level of TMPRSS2-ERG was similar to the cells receiving the siRNA TMPRSS2-ERG alone (**[Figure 2b](#fig2){ref-type="fig"}**,**[c](#fig2){ref-type="fig"}**, bars 4 and 5). Herein, protein content reflected mRNA behavior (**[Figure 2b](#fig2){ref-type="fig"}**,**[c](#fig2){ref-type="fig"}**).

Combination of siRNA TMPRSS2-ERG and FLU did not increase VCaP cell viability impairment
----------------------------------------------------------------------------------------

In most cases, an impairment of cell viability was observed for all the treatments (siRNA TMPRSS2-ERG (bar 4), FLU (bar 6), or combined molecules (bars 3 and 5)) and this, at all-time administration schedules compared to controls (vehicle (bar 1) and to siRNA control alone (bar 2)) (**[Figure 3](#fig3){ref-type="fig"}**). Worth of notice, no statistical difference was observed between combined treatments (bar 5) and each molecule alone (bars 4 and 6) unless when siRNA TMPRSS2-ERG was administered after FLU (**[Figure 3b](#fig3){ref-type="fig"}**, bar 4). As expected, the siRNA control (bar 2) did not affect VCaP cell viability unless if combined with FLU (bar 3) whose effect is comparable with the treatment of the drug alone (bar 6).

Physicochemical properties of siRNA-SQ NPs
------------------------------------------

To preserve properties and efficacy of siRNA *in vivo*, both siRNA TMPRSS2-ERG and its corresponding siRNA control were covalently bound to the squalene to form an amphiphilic bioconjugate able to self-assemble as NPs in aqueous solutions.^[@bib14]^ The synthesis of the bioconjugate was monitored by reverse-phase high-performance liquid chromatography. The increase in the lipophilic character of the siRNA when linked with squalene was indicated by the appearance of a retarded peak in the chromatogram testifying the formation of the siRNA-SQ conjugate. After hybridation of the bioconjugates (siRNA TMPRSS2-ERG-SQ and siRNA control-SQ) with the corresponding antisense strand and nanoprecipitation in water, the resulting NPs were monitored by laser light scattering analysis. The depicted size was of \~ 250 ± 50 nm (five independent measurements). As explained in our previous study, the NPs siRNA TMPRSS2-ERG-SQ are not internalized *in vitro* and were only efficient in preclinical studies.^[@bib15]^

Combined siRNA TMPRSS2-ERG-SQ NPs with FLU inhibits tumor growth *in vivo* similarly to siRNA TMPRSS2-ERG-SQ NPs alone
----------------------------------------------------------------------------------------------------------------------

The treatment administration schedule in mice was based on the *in vitro* results wherein, the greatest inhibition of TMPRSS2-ERG fusion oncogene products and cell viability were obtained when the siRNA TMPRSS2-ERG was transfected with lipofectamine. This was observed when cells were transfected with siRNA TMPRSS2-ERG and then treated with FLU for 48 hours (condition a in previous experiments). As mentioned in the Material and Methods section, combined or single treatments were administered to SCID mice over 5 weeks at cumulative doses of 0.8 mg/kg for squalenoylated siRNA NPs and of 11.2 mg/kg for FLU. As shown in **[Figure 4a](#fig4){ref-type="fig"}**, when siRNA TMPRSS2-ERG-SQ NPs alone or combined with FLU were injected, tumor growth was strikingly inhibited compared to mice treated with saline solution (decrease of tumor growth of about 50%, *P* \< 0.01) or siRNA control-SQ NPs (decrease of tumor growth of about 60%, *P* \< 0.001). When mice were treated with FLU alone or combined to the siRNA control, only a slight inhibition of tumor growth of about 20% was noticed that not reached significant difference comparatively to control treatments (NaCl, siRNA control-SQ NPs). The growth curve corresponding to antiandrogen-treated mice showed intermediate growth inhibition behavior between the control and treated mice groups explaining the absence of significance.

Tumors collected at the end of the experiment were analyzed by western blot for the expression of ERG oncoprotein, AR, and cleaved caspase-3. ERG protein expression was inhibited within the tumors treated with siRNA TMPRSS2-ERG-SQ NPs alone or combined with FLU (**[Figure 4b](#fig4){ref-type="fig"}**, lines 4 and 5, respectively). The expression of AR was downregulated when tumors were treated with FLU alone (line 6) but to lower or no extent when FLU was combined to siRNA (TMPRSS2-ERG or control)-SQ NPs (lines 5 and 3, respectively). Moreover, in tumors treated with siRNA TMPRSS2-ERG SQ NPs alone (line 4) or combined with FLU (line 5), a slight increase in expression of cleaved caspase-3 was clearly observed suggesting an increase of apoptotic cells within the tumors, which was not observable after the other treatments (saline solution treated tumors or siRNA control-SQ NPs with or without FLU or FLU alone).

Combined treatments mostly inhibit cytochrome P450 enzymes induction by flutamide
---------------------------------------------------------------------------------

First, we screened the expression profile of 34 CYP mRNAs isoforms of CYP1, CYP2, CYP3, CYP4, and CYP46 in untreated xenografted tumors. The sequence of TATA box binding protein was used as internal control. The cycle threshold of 30 was imposed in order to obtain reliable results from real-time PCR (**[Figure 5a](#fig5){ref-type="fig"}**).

Among the 34 CYP isoforms studied, only CYP2 and CYP4 families were found to be expressed within the tumors and more precisely the following isoforms: CYP2D6, CYP2J2, CYP2R1, CYP2U1, CYP2W1, CYP4F8, CYP4F12, and CYP4F22. The CYP1A2 described to be responsible of FLU metabolism^[@bib18]^ was not found in our VCaP xenografted tumors.

Then, we studied the expression of the isoforms after treatments and found a significant difference in the mRNA expression of five isoforms: CYP2D6, CYP2R1, CYP4F8, CYP4F12, and CYP4F22 (**[Figure 5b](#fig5){ref-type="fig"}**--**[f](#fig5){ref-type="fig"}**). This significance is mainly due to FLU treatment (bars 6) except for CYP2D6 (**[Figure 5b](#fig5){ref-type="fig"}**), however, for this isoenzyme, an mRNA inhibition of 50% was observed when the tumors were treated with siRNA TMPRSS2-ERG-SQ NPs alone or combined with FLU (bars 4 and 5, respectively). The inhibition was significant and specific of targeted siRNA TMPRSS2-ERG-SQ NPs, while that of siRNA control-SQ NPs (bars 2) was not different from the other treated groups. CYP2R1 expression was significantly increased by FLU alone (**[Figure 5c](#fig5){ref-type="fig"}**, bar 6) compared to saline solution or siRNA control-SQ NPs treated tumors (bars 1 and 2, respectively); however, none of the other treatments seems to modify the expression of this isoform.

A similar behavior was observed, with more striking results when family 4 of CYP was observed (**[Figure 5d](#fig5){ref-type="fig"}**--**[f](#fig5){ref-type="fig"}**). Indeed, FLU alone was able to induce from 5- to 500-fold in the expression of CYP4F8 (**[Figure 5d](#fig5){ref-type="fig"}**), 4F12 (**[Figure 5e](#fig5){ref-type="fig"}**), 4F22 (**[Figure 5f](#fig5){ref-type="fig"}**), though this effect was completely reversed or reduced when the drug was associated with siRNAs-SQ NPs (TMPRSS2-ERG or control).

Combined treatments respond differently to induce the main phase II drug metabolizing enzymes by flutamide
----------------------------------------------------------------------------------------------------------

The enzymes mainly involved in phase 2 of drugs metabolism (conjugation enzymes, including several transferases) and epoxide hydrolase (EH) were also investigated. As previously mentioned, the cycle threshold (Ct) of 30 was imposed in order to obtain reliable results from qPCR. GSTα, µ or π isoforms, EH and UGT1A1 were found to be expressed within the tumors (Ct \< 30); NAT1 was expressed at the limit of 30 Ct in saline solution treated mice; however, it reached higher expression for all other treatments; thus, it was included in the study. The ST showed a signal beyond 30 Ct for all the treated tumors; thus, no relative quantification (ΔΔCt) was calculated for this enzyme (**[Figure 6a](#fig6){ref-type="fig"}**).

GSTα and EH did not show significant modification by any treatment. NAT1, UGTA1, GSTπ1, and GSTµ1 showed the same profile (**[Figure 6b](#fig6){ref-type="fig"}**--**[e](#fig6){ref-type="fig"}**). A significant upregulation of phase 2 drug-metabolizing enzymes mRNA was observed when mice were treated with siRNA control-SQ NPs combined with FLU (bar 3), siRNA TMPRSS2-ERG-SQ NPs (bar 4), and FLU alone (bar 6). However, the siRNA TMPRSS2-ERG-SQ NPs combined with FLU (bars 5) showed the same profile as that of mice treated with saline solution (bars 1) or with the siRNA control-SQ NPs alone (bars 2), suggesting that combined treatments responded differently to the induction by FLU.

Discussion
==========

In this study, we investigated the therapeutic effects of combining AR inhibition by the antiandrogen FLU, one of the reference treatment for PCa, with the *TMPRSS2-ERG* knockdown by siRNA. This fusion oncogene is described to disrupt AR signaling pathway, thus promoting the growth of prostate cancer cells.^[@bib22]^ Moreover, *TMPRSS2-ERG* expression is preserved in castration-resistant form compared to other AR target genes which are generally downregulated,^[@bib11]^ supporting the interest in targeting the fusion oncogene as an alternative therapeutic strategy to androgen deprivation therapy or in combining both treatments. Indeed, drug associations are generally meant to diminish drug doses, thus toxicity or to counteract cancer development via multiple pathways. TMPRSS2 presents several androgen-responsive elements in its promoter, thus explaining the efficacy of the antiandrogen on downregulating the *TMPRSS2-ERG* expression. Herein, this study intended to decrease FLU toxicity by combining this molecule at lower doses to siRNA against TMPRSS2-ERG.

Because the inhibition at the posttranscriptional level carried out by the siRNA might differ from the disruption of AR signaling by FLU in terms of kinetics, three different administration protocols were adopted to understand which one would be the most appropriate. We observed that the combination of the two molecules cannot display a more pronounced TMPRSS2-ERG inhibitory effect compared to the oligonucleotide alone whatever the treatment schedule applied. This can be explained by the fact that the siRNA TMPRSS2-ERG is already able to downregulate extensively TMPRSS2-ERG mRNA and its corresponding ERG protein expression without the need of inhibitory enhancers such as FLU. This observation was confirmed by cell mortality studies where the combination of the two drugs did not impair the cell viability better than each molecule alone. Moreover, similar results were observed when the siRNA TMPRSS2-ERG was combined to 120 µmol/l of FLU (corresponding to the IC~50~, data not shown). This suggests that the absence of synergism or additivity was not due to FLU concentration.

Since the drug metabolism *in vivo* might affect the outcome of the combination treatment and differs substantially from *in vitro* studies, the combinatorial treatment was tested in mice bearing VCaP xenografted tumors. However, to preserve siRNA efficacy *in vivo*, the oligonucleotide must be protected from nuclease degradation and effectively delivered into the tumors.^[@bib23]^ Consequently, squalenoylated siRNA NPs were formulated with this intent.^[@bib14]^

As previously described and discussed in our latest paper,^[@bib15]^ *in vitro*, the NPs siRNA TMPRSS2-ERG-SQ were unable to enter within the cells without a transfecting agent. But we already demonstrated that they are still active after bio-conjugation with squalene despite the chemical modifications.^[@bib14],[@bib15],[@bib24],[@bib25]^

*In vivo*, we found comparable results between siRNA TMPRSS2-ERG-SQ NPs administered alone or combined to FLU. In contrast, FLU alone showed similar tumor growth profile compared to control-treated mice. Hence, the *TMPRSS2-ERG* expression profile reflected tumor response to treatments. Regarding AR expression, its decrease by FLU was not correlated with tumor growth inhibition, and this effect was slightly counteracted when combined with siRNA TMPRSS2-ERG-SQ NPs. This result is in accordance with the role of ERG overexpression in inhibiting AR expression, thus *TMPRSS2-ERG* knockdown may partially restore AR expression.^[@bib26]^ Moreover, a slight increase in the apoptotic status of tumors via the cleavage of caspase 3 was only observable in mice treated with siRNA TMPRSS2-ERG-SQ NPs alone or combined with FLU which is in accordance with the tumor growth inhibition shown essentially by these two treatments. To understand the mechanisms underlying these observations, we studied the main drug-metabolizing systems by assessing phase 1 (CYP, EH) and phase 2 (conjugation enzymes, including several transferases) enzymes. To our knowledge, the expression of these enzymes has not been investigated so far under the treatment of squalene-based NPs. We observed that both phase 1 and phase 2 enzymes seems not to play a key role in metabolism of NPs. On the contrary, FLU extensively modified the expression of these enzymes. Nevertheless, the induction observed for these enzymes by the antiandrogen was counteracted by its association with squalenoylated siRNA NPs for phase 1 enzymes and with siRNA control-squalene NPs for phase 2 enzymes. This observation is in accordance with Kocarek et al.^[@bib27]^, who observed a strong increase of CYP2B and 4A mRNA levels in primary cultured rat hepatocytes when treated with squalestatin 1, a potent inhibitor of squalene synthase. Thus, the inhibition of families 2 and 4 of CYP by squalene might influence the FLU activity by decreasing its metabolism rate. However, upregulation of phase 2 enzymes by FLU alone or combined with siRNA control-SQ NPs could explain the observed decrease of antitumoral activity of the corresponding treated groups.

In addition, CYP4F8, an enzyme involved in the synthesis of prostaglandins which are responsible for the onset of inflammation has been described to be overexpressed in primary prostate cancer samples and its inhibition reduced cell viability in various PCa cell lines.^[@bib28]^ Moreover, ERG overexpression is described to inhibit the 15-hydroxy-prostaglandin dehydrogenase, an enzyme in charge of oxidation of prostaglandin into inactive keto-metabolites, thus the fusion oncogene participates to the inflammatory process of PCa.^[@bib29]^ These findings suggest that the administration of siRNA TMPRSS2-ERG squalene-based NPs could decrease inflammation generally related to cancer development by inhibiting transcription of CYPs involved in prostaglandins synthesis and by upregulating 15-hydroxy-prostaglandin dehydrogenase responsible of prostaglandins catabolism.

With regard to phase 2 enzymes, their behavior toward FLU is different when the combination occurs with the target or scrambled sequences; therefore, the role of the junction oncogene on the activities of the phase 2 enzymes should be more deeply investigated.

In conclusion, siRNA TMPRSS2-ERG-SQ NPs confirmed their strong antitumoral activity and could be considered as an alternative therapeutic approach for hormone-dependent prostate cancer. Moreover, the significance of siRNA-SQ NPs has been demonstrated in preclinical trials of thyroid and prostate cancers.^[@bib14],[@bib15],[@bib24],[@bib25]^ Thus, further investigations should be proceeded to prove the safety of our vectors in term of toxicological test that will allow to progress into clinical trials. So that, the "squalenoylation" could be used as a generic platform for the administration and the transport of therapeutic siRNA.

Materials and methods
=====================

*Chemicals.* Squalene, siRNA, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) reagents were purchased from Sigma-Aldrich Chemical (Saint Quentin Fallavier, France). Single-strand siRNA was synthesized as 21-mer with two 2′-deoxynucleotide residues at the 3′-end to provide stabilization against nucleases.^[@bib30]^ For bioconjugation to squalene, siRNA was modified at the 3′-end with a thiol group (Eurogentec, Belgium).

Dulbecco\'s modified Eagle medium, Opti-MEM, fetal calf serums, Lipofectamine RNAiMAX, and PCR primers were purchased from Life Technologies (Saint Aubin, France). BD Matrigel (Basement Membrane Matrix Growth Factor Reduced - Reference 356234) was purchased from Corning (Amsterdam, the Netherlands). Bio-RAD protein assay was purchased from Bio-RAD Laboratories (Marnes-la-Coquette, France). All used chemicals were of quality grade.

*Cell line and culture.* Human prostate cancer VCaP cell line expressing *TMPRSS2-ERG* oncogene (CRL2876, ATCC, Manassas, VA) was grown in Dulbecco\'s modified Eagle medium supplemented with 10% of fetal calf serums, 100 units/ml penicillin, and 100 μg/ml streptomycin (Invitrogen, Cergy-Pontoise, France). Cells were maintained at 37 °C in a humidified atmosphere containing 5% CO~2~. Cells were regularly analyzed to ensure absence of contaminations by mycoplasma.

Influence of DHT on fusion transcription. To determine the DHT concentration able to induce the highest *TMPRSS2-ERG* expression, VCaP cells (8 × 10^5^ cells/well) were seeded in a six-well plate and treated with DHT at 5, 10, and 50 nmol/l concentrations for 24 hours. The concentration able to predominantly induce TMPRSS2-ERG fusion transcript was then used to incubate VCaP cells for 24, 48, and 72 hours in order to optimize the stimulation schedule. At the end of treatments, cells were collected, mRNA extracted, and reverse transcription-quantitative PCR (RT-qPCR) was performed to analyze *TMPRSS2-ERG* and *TMPRSS2* genes expressions.

*Real-time PCR (RT-qPCR).* Total RNA was extracted from VCaP cells by RNeasy mini-kit (Qiagen, Courtaboeuf, France) and first-strand cDNA was generated with M-MLV RT buffer kit (Life Technologies) as previously described.^[@bib24]^ The following primers were used to amplify *TMPRSS2-ERG* junction sequence: forward 5′-GGCAGGAACTCTCCTGAT-3′, reverse 5′-CGTGGCACGATAACTCTG-3′. The TMPRSS2 gene was also investigated by using specific primers amplifying the region not involved within the fusion: TMPRSS2 forward 5′-AAGGGAAGACCTCAGAAGTG-3′, reverse 5′-CCAGTCCGTGAATACCATC-3′. GAPDH sequence was used as housekeeping gene: forward 5′-CCACTCCTCCACCTTTGAC-3′, reverse 5′-ACCCTGTTGCTGTAGCCA-3′. RT-qPCR was performed using the StepOnePlus PCR System (AB Applied Biosystems, Villebon-sur-Yvette, France) using GoTaq qPCR Master Mix (Promega, Charbonnières-les-Bains, France) according to manufacturer\'s instructions. Samples were run in triplicate; gene regulation was determined by 2^−ΔΔCt^ method and normalized to GAPDH levels. Results are given as relative mRNA levels of TMPRSS2-ERG or of TMPRSS2 compared to nontreated cells.

*Determination of the inhibitory concentrations (IC~50~ and IC~25~) of flutamide on viability of VCaP cells.* The FLU dose--response curve was assessed on VCaP cells to determine the concentration of the drug to be used in association with siRNA TMPRSS2-ERG. Cells were plated into a 96-well plate (30,000 cells/well), and simultaneously treated with DHT (10 nmol/l) for 24 hours. FLU was then added to various micromolar concentrations (50, 100, 150, 200, and 250 µmol/l), and cells were incubated for 48 hours. The viability of VCaP cells was evaluated by MTT assay. The concentrations of FLU required to affect 25% (IC~25~) and 50% (IC~50~) of cell viability were determined by linear regression model.

*Influence of flutamide on fusion transcription.* VCaP cells (8 × 10^5^ cells/well) were seeded in six-well plates and stimulated with DHT (10 nmol/l). Twenty-four hours later, cells were stimulated with FLU (70 µmol/l) for 48 hours. At the end of the treatment, cells were harvested and total mRNA was extracted to be analyzed for *TMPRSS2-ERG* and *TMPRSS2* expression by RT-qPCR as described above.

**In vitro* cell transfection.* Transient transfections were performed to assess the most efficient drug combination protocol of siRNA TMPRSS2-ERG and FLU for oncofusion knockdown. Cells were transfected with siRNA against TMPRSS2-ERG using Lipofectamine RNAiMAX transfecting agent and according to manufacturer\'s instructions. One siRNA containing four mismatches on the sequence of the siRNA TMPRSS2-ERG was used as siRNA control.

First, VCaP cells (8 × 10^5^) were seeded in six-well plates and stimulated with DHT (10 nmol/l). Twenty-four hours later, three different administration schedules were applied: (i) cells were transfected with siRNA TMPRSS2-ERG (50 nmol/l) for 24 hours, then stimulated with FLU (70 µmol/l) for 48 hours; (ii) cells were stimulated with FLU (70 µmol/l) for 24 hours, then transfected with siRNA TMPRSS2-ERG (50 nmol/l) for 48 hours; (iii) cells were transfected with siRNA TMPRSS2-ERG (50 nmol/l) and stimulated with FLU (70 µmol/l) at the same time, then incubated for 48 hours. At the end of the treatments, mRNA and proteins were extracted and analyzed for gene and protein expressions.

*Immunoblotting.* Total protein extracts were obtained using M-PER reagent (Thermo Fisher Scientific, Courtaboeuf, France) supplemented with a protease inhibitor cocktail (Roche, Neuilly sur Seine, France) as previously described.^[@bib24]^ Proteins were titrated by Bio-RAD Assay according to manufacturer\'s instructions. Samples were then loaded on 10% polyacrylamide gel (NuPAGE Bis Tris Mini Gels 10%, Life Technologies, Saint-Aubin, France) and proteins were transferred using the iBlotDry Blotting System (Invitrogen). Membranes were incubated overnight at 4 °C with monoclonal rabbit anti-ERG (EPR 3864 (2); 1:500, Abcam Biochemicals, Paris, France). Monoclonal mouse GAPDH-horseradish peroxidase (\#3683; 1:1000, Cell Signaling technology, Saint Quentin en Yvelines, France) was used as internal control. Blots were then washed and, when necessary, incubated with corresponding secondary antirabbit antibodies conjugated to horseradish peroxidase (1:3,000; Cell Signaling Technology). Bands were visualized by enhanced chemiluminescence reagent (Invitrogen).

*Viability assay.* The MTT assay was performed to determine the most efficient drug combination protocol for cell viability impairment, as previously described.^[@bib25]^

First, VCaP cells (3 × 10^4^) were seeded in 96-well plates and stimulated with DHT (10 nmol/l). Twenty-four hours later, three different administration schedules were applied: (i) cells were transfected with siRNA (TMPRSS2-ERG or control at 50 nmol/l) for 24 hours, then stimulated with FLU (70 µmol/l) for 48 or 72 hours; (ii) cells were stimulated with FLU (70 µmol/l) for 24 hours, then transfected with siRNA (TMPRSS2-ERG or control at 50 nmol/l) for 48 or 72 hours; (iii) cells were transfected with siRNA (TMPRSS2-ERG or control at 50 nmol/l) and stimulated simultaneously with FLU (70 µmol/l) then incubated for 48 or 72 hours. At the end of treatments, MTT reagent (20 µl of 5 mg/ml phosphate-buffered saline) was added to each well and incubated at 37 °C for 2 hours. Results are the mean ± SD of two independent experiments containing eight replicates for each condition and are expressed as cell viability percentage of treated cells compared to nontreated cells.

*Preparation of siRNA TMPRSS2-ERG-squalene NPs.* In order to perform squalene bio-conjugation, a 3-mercaptopropyl phosphate group was introduced at the 3′-end of siRNA sense strand (synthesized by Eurogentec, Belgium).

The bioconjugate siRNA TMPRSS2-ERG-SQ was synthesized by Michael addition of 3′-thiol group with squalene-(ethoxy)ethyl-maleimide, and the corresponding NPs were prepared by nanoprecipitation as previously published.^[@bib14]^ The hydrodynamic diameter (nm) was measured by laser light scattering using a Zetasizer 4 (Malvern Instrument, Orsay, France).

*Animal studies.* *In vivo* studies were permitted and accepted by the research council (Integrated Research Cancer Institute in Villejuif, IRCIV), the institutional Ethics Committee of Animal Experimentation and registered in the French Ministry of Higher Education and Research. Authorization Committee of Animal Experimentation IRCIV/IGR (no. 26: 94--226, no: 2011-09) was applied, and all animal studies were carried out in accordance with the French laws and regulations and applying the European Community directives (Directive 2010/63/UE). Animal suffering was minimized through the use of isoflurane anesthesia when treatments were administered, and mice were sacrificed by CO~2~ inhalation before tumor collection. Five-week-old SCID/Beige mice were obtained from Harlan Laboratory. Sterilized laminar flow caging system was used to house animals and food, water, and bedding were autoclaved before use. Food and water were provided *ad libitum.*

**In vivo* antitumoral activity of combined siRNA TMPRSS2-ERG-SQ NPs and flutamide.* VCaP cells were *sc* inoculated (10^7^ cells/mouse in PBS (50 µl) mixed with Matrigel (50 µl)). When tumors reached about 50 mm^3^, mice (*n* = 10 tumors/group) were treated by i.v. injection of 0.9% NaCl or squalenoylated siRNA and/or by i.p. injection of FLU. The administration schedule was carried out over 5 weeks. The following treatments were administered: (i) every 48 hours, 100 µl of NaCl 0.9%; (ii) every 96 hours squalenoylated siRNA (siRNA TMPRSS2-ERG-SQ NPs or siRNA control) NPs at the cumulative dose of 0.8 mg/kg (eight injections of 0.1 mg/kg/injection dispersed in 100 µl of 0.9% NaCl solution); (iii) every 96 hours, FLU alone at cumulative dose of 11.2 mg/kg (seven injections of 1.6 mg/kg/injection dispersed in sterilized sesame oil). For combination studies, treatments were alternated beginning with siRNA TMPRSS2-ERG-SQ NPs (or siRNA control) NPs and followed 48 hours later by FLU. The combined treatments were performed at the same doses of drugs administered. Mice were monitored daily and sacrificed at the end of the experiment unless signs of animal sufferance (body weight loss, abnormal behavior, toxicity signs) were observed or, if tumors reached a volume of 1,000 mm^3^. After sacrifice of animals, tumors were collected and immediately frozen in liquid nitrogen for proteins and mRNA analysis.

*Protein extractions from tumors.* Total protein extraction using M-PER lysis buffer and western blot were performed for ERG, cleaved caspase-3 (\# 9662; 1:1,000; Cell Signaling Technology) and GAPDH as described above. Knowing that FLU prevents nuclear shuttling of AR, nuclear protein extraction was achieved as described by Erin *et al*.^[@bib31]^, then western blot were performed using AR antibody (ab108341; 1:1,000, Abcam Biochemicals).

*Tumor expression of the main drug-metabolizing enzymes systems.* For the determination of phase 1 (CYP and EH\] and phase 2 (GSTs, UGTA1, NAT1, EH, and ST) metabolizing enzymes, tumors were ground and total RNA was extracted by RNeasy minikit according to manufacturer\'s instructions. RT-qPCR was performed as described above for *in vitro* studies. Nucleotide primer pairs of CYP450 families were designed and kindly provided by de Waziers.^[@bib32]^ Primers for EH and phase 2 xenobiotic metabolizing enzymes were designed, their sequences are listed in **[Table 1](#tbl1){ref-type="table"}**. *TBP* gene (coding for the TATA box-binding protein, a component of the DNA-binding protein complex TFIID) was used as endogenous control.^[@bib33]^ Results are presented as relative mRNA level compared to 0.9% saline solution treatment.

*Statistical analysis.* All data are presented as mean ± SD. For statistical analysis, we used the nonparametric Kruskal--Wallis followed by Dunn\'s tests to identify the sources of differences among treatments by using GraphPad software. *P* ≤ 0.05 was considered as a statistically significant difference.

The research leading to these results has received funding from: (i) the Agence Nationale de Recherche (ANR), Program P2N, Grant No: NANO 0030 and (ii) a public grant overseen by the French National Research Agency (ANR) as part of the "Investissements d\'Avenir" program (Labex NanoSaclay, reference: ANR-10-LABX-0035). The animal studies were performed within the animal facility of the Gustave Roussy Cancer Campus, and the authors gratefully acknowledge the excellent technical support of their employees. The authors declare no conflict of interest.

![**Optimization of DHT and FLU concentrations and kinetics studies. (a** and **b)** VCaP cells were stimulated with DHT at 5, 10, and 50 nmol/l for 24 hours. Cells were then harvested, mRNA collected, and RT-qPCR were performed to determine the relative mRNA levels of (**a**) TMPRSS2-ERG and (**b**) TMPRSS2 wild type. A significant difference was found between untreated and DHT-treated cells at 10 and 50 nmol/l. VCaP cells were incubated at 10 nmol/l DHT for 24, 48, or 72 hours and mRNA levels of (**c**) TMPRSS2-ERG and (**d**) TMPRSS2 wild type were determined. A statistical increase of mRNA levels was observed at 24 hours of stimulation compared to untreated cells. (**e**) The MTT viability assay was used to determine the IC~50~ and IC~25~ of FLU on VCaP cell line. First cells were incubated with DHT (10 nmol/l) for 24 hours, then different concentrations of FLU (50 \< µmol/l \< 250) were administered, and cells were incubated for 48 hours. Linear regression of plots calculated IC~50~ \~ 120 µmol/l and IC~25~ \~ 70 µmol/l. (**f**) VCaP cells were stimulated with DHT (10 nmol/l) for 24 hours then incubated with 70 µmol/l of FLU for 24, 48, and 72 hours. After RT-qPCR, a statistical difference was found between cells treated for 48 and 72 hours with FLU compared to untreated cells. The nonparametric Kruskal--Wallis statistical analysis followed by comparative Dunn\'s tests were performed using GraphPad software.\**P* \< 0.05, \*\**P* \< 0.01. Bars represent at least two independent experiments performed in duplicates ± SD. DHT, dihydrotestosterone; FLU, flutamide.](mtna201616f1){#fig1}

![**Effects of combined siRNA TMPRSS2-ERG and FLU on fusion expression.** VCaP cells (8 × 10^5^ cells/well in a 6-well plate) were stimulated with DHT (10 nmol/l) 24 hours before treatments. Twenty-four hours later, (**a**) cells were transfected either with siRNAs TMPRSS2-ERG or siRNA control at 50 nmol/l and, 24 hours later, FLU (70 µmol/l) was administered. Cells were then incubated for 48 hours. (**b**) FLU (70 µmol/l) was administered, and cells were successively transfected 24 hours later with either siRNAs TMPRSS2-ERG or siRNA control at 50 nmol/l. Cells were then incubated for 48 hours. (**c**) Cells were transfected either with siRNAs TMPRSS2-ERG or siRNA control at 50 nmol/l, and FLU (70 µmol/l) was administered at the same time. Cells were then incubated for 72 hours. For all conditions, cells were harvested then RNA and proteins were collected. Concerning mRNA levels, a statistical difference was observed between controls (untreated cells and siRNA control) and all treatments for **a** and **c** conditions, whereas only the siRNA TMPRSS2-ERG alone or combined with FLU showed a significance for condition **b**. For statistical analysis, the nonparametric Kruskal--Wallis followed by comparative Dunn\'s tests were performed using GraphPad software. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. Bars represent the mean ± SD of three independent experiments in duplicates. ERG protein was detected for each condition (**a**, **b**, and **c**) by western blot analysis. GAPDH was used as internal control. Western blot findings are consistent with mRNA behaviors toward treatments. DHT, dihydrotestosterone, FLU, flutamide.](mtna201616f2){#fig2}

![**Effects of combined siRNA TMPRSS2-ERG and FLU on cell viability.** VCaP cells were stimulated with DHT (10 nmol/l) 24 hours before treatments. The next day, (**a**) cells were transfected either with siRNAs TMPRSS2-ERG or control at 50 nmol/l, and 24 hours later, FLU (70 µmol/l) was added. Cells were then incubated for 48 hours. (**b**) FLU (70 µmol/l) was administered, and cells were successively transfected 24 hours later with either siRNAs TMPRSS2-ERG or control at 50 nmol/l. Cells were then incubated for 48 hours. (**c**) Cells were transfected either with siRNAs TMPRSS2-ERG or control at 50 nmol/l, and FLU (70 µmol/l) was administered concomitantly. MTT viability test was performed, 100% cell viability corresponds to the number of living cells incubated with vehicle. Results are the mean ± SD of two independent experiments containing eight replicates for each condition. The nonparametric Kruskal--Wallis followed by comparative Dunn\'s tests were performed for statistical analysis. \**P* \< 0.05; \*\**P* \< 0.01, \*\*\**P* \< 0.001. DHT, dihydrotestosterone; FLU, flutamide.](mtna201616f3){#fig3}

![**Combined siRNA TMPRSS2-ERG-SQ NPs with FLU inhibits tumor growth *in vivo* similarly to siRNA TMPRSS2-ERG-SQ NPs.** (**a**) SCID mice bearing VCaP tumor xenografts were injected i.v. either with saline solution (1), siRNA control-SQ NPs alone (2) or combined with FLU (3), NPs siRNA TMPRSS2-ERG-SQ alone (4) or combined with FLU (5), or FLU alone (6). Mice receiving combined treatments were injected alternatively with siRNA-SQ NPs or FLU every 48 hours and for 5 weeks as explained in the pictogram. The tumor growth of 10 tumors per condition was followed during the course of the experiment. Using Kruskal--Wallis followed by comparative Dunn\'s tests, a statistical difference was observed between controls (mice treated with saline solution or siRNA control-SQ NPs) and siRNA TMPRSS2-ERG-SQ NPs alone or combined with FLU (\*\*\**P* \< 0.001, \*\**P* \< 0.01). Data are the mean ± SEM of 10 independent tumors. (**b**) Mice were sacrificed, and tumors were collected at the end of the experiment and ERG, AR, and cleaved caspase-3 protein expressions were analyzed by western blot. GAPDH was monitored as loading control. FLU, flutamide; NP, nanoparticles; SQ, squalene.](mtna201616f4){#fig4}

![**Combined treatments mostly inhibit cytochrome P450 enzymes induction by FLU.** (**a**) Tumors were grinded, and RNA was collected. RT-qPCR was performed, and cDNA was amplified by RT-qPCR for cytochromes P450. The threshold of 30 cycles was imposed in order to obtain reliable results from RT-PCR. Relative mRNA expressions of (**b**) CYP 2D6, (**c**) 2R1, (**d**) 4F8, (**e**) 4F12, and (**f**) 4F22 were recorded as fold change normalized to saline solution treated tumors. *TATA Box Binding Protein* (TBP) gene was used as reference gene. For statistical analysis, the nonparametric Kruskal--Wallis followed by comparative Dunn\'s tests were performed using GraphPad software. \**P* \< 0.05; \*\**P* \< 0.01, \*\*\**P* \< 0.001. Bars represent the mean ± SD of three independent tumors and three independent replicates. FLU, flutamide; CYP, cytochrome P450.](mtna201616f5){#fig5}

![**Combined treatments respond differently to the induction of the main phase 2 drug-metabolizing enzymes by FLU.** (**a**) Tumors were grinded, and RNA was collected. Reverse transcription was performed and cDNA was amplified by RT-PCR for phase 2 enzymes. The threshold of 30 cycles was imposed in order to obtain reliable results from RT- PCR. Relative mRNA expressions of (**b**) NAT1, (**c**) UGT1A1, (**d**) GSTπ1, and (**e**) GSTµ1 were recorded as fold change normalized to saline solution treated tumors. *TATA Box Binding Protein* (TBP) gene was used as reference gene. For statistical analysis, the nonparametric Kruskal--Wallis followed by comparative Dunn\'s tests were performed using GraphPad software. \**P* \< 0.05; \*\**P* \< 0.01, \*\*\**P* \< 0.001. Bars represent the mean ± SD of three independent tumors and three independent replicates. FLU, flutamide; NP, nanoparticles; SQ, squalene.](mtna201616f6){#fig6}

###### Primers of the main phase 1 and phase 2 drug-metabolizing enzymes^a^
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